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Vii

FOREWORD

The IEEE International Roadmap for Devices and Systems (IRDS) is the continuation and extension of the National
Technology Roadmap for Semiconductors/International Technology Roadmap for Semiconductors (NTRS/ITRS) with a
record of uninterrupted publications spanning from 1992 to 2015. The IRDS has followed several of the successful
methodologies demonstrated by the NTRS/ITRS with additional expansion to system integration, data centers and
Internet communications requirements as well as quantum computing and quantum communications. The IRDS has been
previously published in 2016, 2017, 2018 and 2020.

Historically the draft of all the chapters of the ITRS used to be collected in the month of October. Afterwards, the
Executive Summary was quickly assembled and delivered to the Semiconductor Industry Association (SIA) Board at their
mid-November annual meeting.

In the subsequent months major results and forecasts for the following year were delivered in key conferences like the
International Electron Devices Meeting (IEDM) (mid-December) and International Solid-State Circuits Conference
(ISSCC) (late-February). In addition, multiple company announcements were made in January outlining their vision for
the year that had just started. Historically, the publication of ITRS was timed consistently with the SIA board meeting.
With the transition to IEEE in May 2016 this constraint no longer existed and the publication schedule evolved towards
release of the IRDS at the beginning of 2Q of the following year. As a result, all the information that previously was
included as part of the roadmap update and scheduled to be published the following year has now become available for
the IRDS publication in real time. As a result, the 2019 IRDS was renamed the 2020 IRDS.

Additionally, historically the NTRS/ITRS and IRDS have predicted specific problems to occur early on, allowing enough
time for research and supplier organizations to develop possible solutions. For instance in 1998 the transformation of the
planar silicon gate CMOS to strained silicon, high-k/metal-gate and FinFET was clearly articulated and these key
milestones were accomplished in 2003, 2007 and 2011, respectively. Starting with the 2020 IRDS a section dedicated to
Industry Highlights and IRDS messages was introduced to better show the relations between the two organizations.

OVERVIEW

IRDS MissiON
Identify the roadmap of electronic industry from devices to systems and from systems to devices.

IRDS STRUCTURE

This initiative focuses on an International Roadmap for Devices and Systems (IRDS) through the work of International
Focus Teams (IFT) closely aligned with the advancement of the devices and systems industries. Led by the International
Roadmap Committee (IRC), IFTs collaborated in the development of the 2021 IRDS roadmap, and engaged with other
segments of the IEEE, such as the Rebooting Computing Initiative (RCI), Electron Devices Society (EDS), Computer
Society (CS), Communication Society (ComSoc), and also with related industry and academic communities like the
System and Device Roadmap Japan (SDRJ) and the European SINANO Institute (ESI) in complementary activities to
help ensure alignment and consensus across a range of stakeholders, such as:

e  Academia

. Consortia

e  Industry

. National laboratories

IEEE, the world's largest technical professional organization dedicated to advancing technology for humanity, through the
IEEE Standards Association (IEEE-SA) Industry Connections (IC) program, supports the IRDS to ensure alignment and
consensus across a range of stakeholders to identify trends and develop the roadmap for all the related technologies in the
computer industry.

The scope of the IRDS™ of the fundamental building blocks in the electronics industry spanning from devices to systems
and from systems to devices, in which the Al-centric loT-social-infrastructures with high-speed network communication
will be built on the semiconductor device and process technologies, as illustrated in Figure ES1.
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viii

Currently, IRDS has 13 IFTs with supplemental information on the market drivers (i.e., automobile, medical devices) in
the IT eco-systems, as follows: AB: Applications Benchmarking, SA: Systems and Architecture, OSC: Outside system
Connectivity, MM: More Moore, BC: Beyond CMOS, CEQIP: Cryogenics Electronics and Quantum Information
Processing, Pl: Packaging Integration, Fl: Factory Integration, L: Lithography, YE: Yield Enhancement, M: Metrology,
ESH/S: Environment, Safety, Health, and Sustainability, MtM: More than Moore, MDs: Market drivers (automobile,
medical devices).

Each of the IFTs are focusing not only on technical roadmaps in their specific areas but also on cross-boundary areas
among the systems and the devices, or the devices and the fabrication process technologies. The major revision of the
IRDS™ roadmaps is updated every two years, while the minor revision is done every year if necessary. Here, the IRDS
2021 Edition is the material resulting from minor revisions to the 2020 IRDS. Under management of the international
roadmap committee (IRC) of the international representatives, the technical points in each IFT have been selected and
discussed internally, and the results are being released to public through the IEEE IRDS™ homepage.

®Data-center
[ Deep learning +  Supercomputer AB
. High-end/high-pe_rfonnance :
.. * Quantum computing/Cryo-electronics  CE&QIP <International Collaboration>
@High-speed networks .
= P +  Fiber optics/Si-Photonics 0SC Internatlona!
ca ~»  Intellijence * 5G/Beyond SGRF-CMOS Roadmap Committee
{ Inférence Automotive (== = (IRC@2020.6)
Abstracting Actuator o
: e = ® IEEE IRDS™
Sensing data T imakg|Ei === ® SDRIJ/JSAP™!
® IoT-edge computing s S BN > ® SINANO™2institute
| -+ Cyber-physical-System (MtM) -,
» Ultra-low power & Energy harvesting Medical Healthcare AN ‘o P

« Ultra-l irel pe
[ it Bl et b Smart HOme/Clt\/ "’gun"cm}nw v:/ Smart terminal ]
2 . . MM, BC, Fl,
@ Semiconductor Technologies L, YE, M, PI, ESH/S

AB: Applications Benchmarking, SA: Systems and Architecture, OSC: Outside system Connectivity, MM: More Moore, BC: Beyond  *1: The System Device Roadmap Committee of
CMOS, CE&QIP: Cryogenics Electronics and Quantum Information Processing, PI: Packaging Integration, FI: Factory Integration, Japan/The Japan Society of Applied Physics

L: Lithography, YE: Yield Enhancement, M: Metrology, ESH/S: Environment, Safety, Health, and Sustainability, M¢M: More than  *2: The European Academic and Scientific
Moore, MDs: Market drivers (automobile, medical devices). Association for Nanoelectronics

The scope of the IRDS™ of the fundamental building blocks in the electronics industry spanning from devices to systems and from
systems to devices under the international collaboration to discuss the focus points. See the details in Section 2.1, “Roadmap Process”.

Figure ES1 The new ecosystem of the electronics’ industry based on semiconductor technologies.

IEEE SPONSORS

The IRDS is sponsored by the IEEE Rebooting Computing (IEEE RC) Initiative in consultation and support from
many IEEE Operating Units and Partner organizations, including the following:

CASS—Circuits and Systems Society
CEDA—Council on Electronic Design Automation
CS—Computer Society

CSC—Council on Superconductivity
EDS—Electron Devices Society

EPS— Electronics Packaging Society
MAG-—Magnetics Society
NTC—Nanotechnology Council
RS—Reliability Society

SSCS—Solid State Circuits Society
SRC—Semiconductor Research Corporation
IEEE Standards Association
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INTERNATIONAL SPONSORS AND COOPERATION
There are several international roadmap efforts directly aligned with the IRDS:

e  The SINANO Institute http://www.sinano.eu/
e  The System Device Roadmap Committee of Japan (SDRJ) https://sdrj.jp/
e  The International Electronics Manufacturing Initiative (iNEMI) http://www.inemi.org/
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Introduction 1

EXECUTIVE SUMMARY

1. INTRODUCTION

1.1.2020/2021 INDUSTRY HIGHLIGHTS AND KEY MESSAGES FROM THE 2021 IRDS

The events of 2020 and 2021 were very dramatic as the whole world was overwhelmed by the first pandemic in 100
years. However, the need to remotely communicate, acquire goods, handling banking and business transactions
accelerated several aspects of the electronics industry. It would have probably taken more than five years under normal
conditions to more organically proliferate so many technologies. In addition, new customers that had not expected to even
become acquainted with some of these technologies (e.g., notebooks, Zoom communications, on-line purchasing, etc.)
were compelled to become familiar with these new technologies.

This Executive Summary will highlight the progress made in 2021 and forecast some of the trends in 2021. There are
many subjects that could be addressed but this is a simple collection of few key items to be brought to the attention of the
reader.

1. The electronics industry and the semiconductor industry remained very healthy in 2020. For instance, consumer
electronics grew a healthy 17% in the US and it is expected to continue growing double digits in 2021, according to
NPD Group reports. As a result both the sales of electronics systems and the number of IC units will continues to
grow in 2021. See Figure ES2.

2020 2021F
WW GDP ($T) 83.6 87.6 (+4.8%)
Electronic System Sales ($B) 1,650 1,780 (+8%)
IC Market ($B) 395.7 441.5 (+12%)
IC Units (B) 318.1 350.2 (+10%)
IC ASP (%) 1.24 1.26  (1%)
Semi Cap Expenditures ($B) 109.1 125.0 (+15%)
Min. Process Geometry 5nm 3nm
Source: Compiled reports
Figure ES2 Forecasted Electronic System and IC Market and Capital Expenditure

2. Remote communications made Zoom, an almost unknown company founded in 2011, very successful in 2020. Now
that people have gotten use to communications via video conferencing it is expected that the growth will continue in
2021. See Figure ES3.
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2 Introduction

Zoom's Revenue Skyrockets
On Pandemic Boost

Quarterly revenue of Zoom Video Communications’

$883m
$777m
‘ G $664m
$328m
$IB-3m
$146m $167m
5122
scom $75m 5ggm $105m A .
D) Q2 Q? O‘l l}" Q4
2019 2020 2021
* Zoom's fiscal year 2021 ends January 31, 2021
Source: Zoom
Figure ES3 Zoom communications experienced an exponential growth in 2020

3. The number of units shipped in 2020 exceeded the 1 billion mark indicating that components remain the foundation
of the electronics industry. See Figure ES4.

Tracking Semiconductor Unit Growth

1,200 . . - . . . . . . 11353
1,046.0,
1,100 1,001.
1,000 975.0 - §975.8
1978-2021F CAGR = 8.6%
815.

800
2 705.6
5 700 623.7
E 600 556.2
£
g 500 467.1
B 400 TY

318.9
300 233.7
200 S —
103.7
100 {33 Bt
0
PR BI85 223553338858833333855883 1 NNIRENRARY

Source: IC Insights
Figure ES4 Strong units growth forecasted for 2021

4. The Internet early on heralded widespread use of email communications and then blossomed into pictures, videos,
movies and data streaming. The result of the proliferations and wide diffusion of these capabilities among industry
and consumers increased the demand for higher data rates that fueled the demand for more electronics devices. See
Figure ES5.
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Introduction 3

>350 Billion AloT (Al+loT) Devices in Year 2030

Worldwide Devices Global Internet Traffic

26% CAGR
2017-2022

)
Q
Q
>
0}
]
=
]
=

Exabytes / Month

0
2010 2015 2020 2025 2030 2015 2020 2025 2030

Source: 2020 IEEE ISSCC, Cisco VNI Global IP Traffic Forecast 2017-2022

Figure ES5 Demand for higher data rates concurrently fueling demand of billions of devices

5. Overall growth of semiconductors is expected to continue in 2021 at rate of 5% to 7%. See Figure ES6.

2020 Market Forecast SEMICONDUCTOR SALES

$B YoY (worldwide sales, $B, calendar year)
$476.1 $B Yoy 4493 4.9% 2019 2020 2021
4284 2.5% Analog 56 58 69
4348 3.6% -4% 3% 18%
419804% | | DRAM 63 67 86
1 ! -37% 7% 27%
—— NAND 4 50 60
1 ! -25% 24% 19%
. MPU 56.2 62.4 69.0
2% 11% 11%
Other Logic 132 145 175
-2% 9% 21%
Discrete, Opto & Other 82 82 99
3% 1% 20%
Total Semiconductor 430 465 556
-11% 8% 20%

Copyright ® VLS| Research Inc. All rights reserved.
2018 2019 2020F 2021F

(A) (B)
Sources: (A) IDC Semiconductor Application Forecaster, October 2020, (B) ISSCC, 2021, VLSI Research

Figure ES6 Semiconductor Forecasted Growth will Continue in 2021

6. An increase data rates and the proliferation of video sensors that use optoelectronics is expected to double the
worldwide sales of these components from 2011 to 2021. This represents CAGR of about 13%! See Figure ES7.
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4 Introduction

0O-S-D Sales to Pick Up After Covid Virus Outbreak in 2020

$110
$100
$90
$80
$70
$60
$50
$40
$30
$20
$10 - Discretes
$0 , - - . . . 1 - - . 1 , -
o8 09 10 11 12 13 14 15 16 17 18 19 20 21F 22F

Worldwide Sales ($B)

Source: IC Insights

Figure ES7 Optoelectronics growing at 13% CGR for 10 years

7. Shipments of logic products exceeded the forecast minimal metal pitch of 34-36nm made in early 2020 and reached
the 30nm mark! Aggressive pitch scaling is anticipated for the next five years as leading IC companies have widely
proliferated use of EUV technology. See Figure ES8.

Reconnecting with NTRS/ITRS Technology Nodes
(1/2 of metal pitch)

I % Contacted Gate Pitch 1]

w

ol
-
e [
— T
(m2] | | | |Scaling is leveling off
) M10 — o— T
w | — | [ms] M8 M8
T — T
% Metal Pitch . T

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

Half Pitch (nm)
= @ (5] (5 [8] [s [g]
*

Sources: Companies, conference reports and IC Insights

Figure ES8 Metal pitch scaling exceeding expectation in 2020!
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8.

9.

Overall technology progression in the 2021 IRDS remains close to forecast. See Figure ES9.

Introduction 5

YEAR OF PRODUCTION 2021 2022 2025 2028 2031 2034
G51M30 G48M24 G45M20 G42M16 G40M16/T2 G38M16/T4
Logic industry "Node Range" Labelii "5" "3" 21" "1.5" "1.0 eq" "0.7 eq"
IDIV-Foundry node labeling i7-f5 i5-f3 i3-f2.1 i2.1-f11.5 i1.5e-f1.0e i1.0e-f0.7e
Logic device structure options FinFET f:_’g:: LGAA LGAA LGAA-3D LGAA-3D
Platform device for logic finFET finFET LGAA LGAA LGAA-3D LGAA-3D
Freq )4 - node-to-node - 0.02 0.16 0.09 -0.08 -0.01
CPU frequency at constant power density (GHz) 3.13 2.83 3.53 2.50 1.48 0.86
Power at iso frequency - node-to-node - -0.16 -0.27 -0.05 -0.06 -0.08
Power density - relative 1.00 1.12 1.04 1.59 2.51 4.27
Patterning technology inflection for Mx interconnect 193, EUVDP | 193i, EUVDP | 1903 EuvDp | 193 HIgh-NA | 103i High-NA | 193i, High-NA
EUV EUV EUV
X 2D Device, 2D Device, 2D Device,
Beyond-CMOS as complimentary to platform CMOS FeFET FeFET FeFET
Channel material technology inflection SiGe25% SiGe50% SiGe50% Ge, 2D Mat Ge, 2D Mat Ge, 2D Mat
Conformal Lateral/AtomicE
Process technology inflection Doping, Channel, RMG tch Non-Cu Mx 3DVLsI 3DVLsI
Contact
3D-stacking, 3D-stacking,
3D-stacking: 3D-stacking: Fine-pitch 3DVLSI: 3D-stacking,
Stacking generation inflection 2D w2aw, D2w W2W, D2W  |stacking, P-over; Mem-on-Logic 3DVLSL:
Mem-on-Logic | Mem-on-Logic N, Mem-on- with Logic-on-Logic
Logic Interconnect

Figure ES9

Devices will continue to aggressively scale in the next 5 years

Despite the rising in technology complexity it is expected that the transition to EUV will keep R&D spending well

below 15% of revenue for the next five years. See Figure ES10.

Industry R&D Cost History and Forecast
$90 WS R&D ——R&D as a % of Revenues - 19%
“
_ $80 - S 17% 3
‘3 *70 1 - 15% %
g $60 - .;‘;E
2 1 C13% o
. $50 g
g 540 - - 11% &
&S $30 - <
ODE - 9% P
% $20 I
$10 A
S0 - - 5%
O =4 &N M S WV W00 O O A N M S W WS 0 0 O W W W W W
O O O O O O O 0 O O A =+ o = =A = = = = = N = N N < N
N N N NN
Source: IC Insights
Figure ES10 R&D spending remains under control
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Logic/Foundry Process Roadmaps (for Volume Production)
2016 2017 2018 2019 2020 2021 2022

o
Samsun, ! 8nm .
€ énm Snm
, ~ 7nm
GlobalFoundries
SMIC
umc

Note: What defines a process "generation" and the start of "volume" production varies from company to
company, and may be influenced by marketing embelishments, so these points of transition should only be
seen as very general guidelines.

Sources: Companies, conference reports and IC Insights
Figure ES11 Scaling progressing unabated with EUV technology

10. Atrtificial Intelligence and Machine Learning (Al/ML) will continue to revolutionize how computers operate.
Multiple successful results using AI/ML were shown in the Google keynote address at ISSCC 2020. In 2017
neuromorphic architecture utilizing extreme parallel processing demonstrated remarkably better ability in image

recognition than humans by achieving an error rate of 2.3%; this is way below the typical human error rate of 5%.
See Figure ES12.
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Source: Google
Figure ES12 Al/ML exceeded human performance
11. Since 2017 AI/ML has been proliferating to multiple applications in the computer field. Speech recognition in 2019
closely followed in the successful streak demonstrating an error rate as low as 4%. Al now dominates new video
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gaming systems as well. Al/ML has been permeating all the fields of data acquisition. In fact, it was stated in a
keynote delivered at ISSCC 2020 by Media Tek that Al/ML is now quickly moving to the “edge”. See Figure ES13.

Al Has Moved to the Edge

Edge Devices Cloud Computing
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Hardware
Advancement

Source: Media Tek, 2020 VLSI Symposium
Figure ES13 Data centers moving closer to the edge

12. Research in Beyond CMOS devices continues to successfully proceed. Performance of several new devices is
continuing to improve. See Figure ES14. (Refer to the 2021 Beyond CMOS Chapter for more information.)

TFET Performance is Moving Close to the Target!
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Figure ES14 Beyond CMOS continues to improve towards goal
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13. Quantum computing (QC) and quantum communications promise unprecedented increases in functionality; from
Moore’s Law historical exponential growth to “quantum” functionality that grows at an exponential exponent rate
but... will QC be ready for manufacturing in time by 2030? See Figure ES15.

Moore’s World
“Scaling”
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Quantum’s World
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Figure ES15 Quantum promises super exponential functionality

14. NAND manufacturers have continued to add stacks of memory layers since the technology was first announced by
the 2013 ITRS and introduced in manufacturing in 2015; products with more than 100 layers began shipping in 2020.

15. Several new technology options, including wafer-level solid state drives (SSDs), were proposed at VLSI Symposia
2020 during the KIOXIA Keynote address to reduce cost and latency of NAND products. These innovative
approaches would reduce the storage cost to 20% of traditional by eliminating the whole packaging and assembly
manufacturing steps (Figure ES16).! Should this approach be successful in the future it would mean that NAND
technology would begin to seriously challenge hard disk drive (HDD) costs.

L https:/Ivisisymposium.org/
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KIOXIA Factory Wafer Chip Packaging SSD Computer

By our estimate, storage cost of Wafer level SSD could be 20% of
conventional SSDs. The cost can be competitive to 